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ABSTRACT

In any of the control application, controller design is the most
important part.

There are different types of controller architectures available
in control literature. The controller can be conventional in nature
or can be intelligent in nature. The conventional

controller doesnt posses the human intelligence; where in the
intelligent controller human intelligence is embed with the help of
certain soft computing algorithms. After the design of controller
is performed, the performance evaluation part comes in to light.
The designed controller has to give optimal control results
irrespective of every situation like plant and equipment non
linearity, equipment saturation.

This dissertation looks in to performance evaluation of
different conventional and intelligent controllers implemented with
a clear objective to control the outlet fluid temperature of shell
and tube heat exchanger system. First of all mathematical
modeling

of the process is performed using experimental plant data. After
the mathematical modeling the control objective is set and
different kind of controllers are designed to meet the control
objective. Feedback controller, feedback plus feed forward
controller are implemented to meet the control objective, but due
to their inherent disadvantages and more tuning parameters, these
controllers were unable to give satisfactory results. So, a model
based controller is designed which has only one tuning parameter as
compared to three tuning parameters of PID controller. The model
based controller gives a satisfactory result. But to embed some
kind of intelligence in the controller, fuzzy logic based
controller is designed. The fuzzy logic based controller meets the
control objective. Comparative analyses of performance evaluation
of all controllers are performed.

During the design of fuzzy based hybrid controller, the designer
meets two key design challenges namely, optimization of existing
fuzzy rule base and identification, estimation of new membership
function or optimization of existing membership function. These
issues play a vital role in controller design in real time. In real
time controller hardware design there is memory and computational
power constraints, so a designer

needs to optimize these two design aspects. This dissertation
also looks in to these key design challenges. For optimization of
existing mamdani based fuzzy rule base, a genetic

algorithm approach is used and for identification and estimation
of fuzzy membership function, a neural network based approach is
used.
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Chapter

1 Introduction

1.1 Overview The transformation of raw material in to desired
products usually cannot be achieved in a single step in any
chemical process. The overall transformation is broken in to
individual transformation to achieve the desired objective.
Simulation is a mathematical model of a process, which attempts to
predict how the process would behave if it is constructed in real
life. After simulation of the model, control of the model is
necessary. There are different ways to control a chemical process.
This dissertation gives a brief idea of different controlling
techniques and different aspects of controller design for a
chemical plant taken in to consideration.

1.2 Motivation

In any of the control application, controller design is the most
important part. There are different types of controller. The
controller can be conventional in nature or intelligent in nature.
The conventional controller doesnt posses the human intelligence;
where in the intelligent controller human intelligence is embed
with the help of certain soft computing algorithms. After the
design of controller is performed, the performance evaluation part
comes in to light. The designed controller has to give optimal
control results irrespective of every situation like plant and
equipment non linearity, equipment saturation.

1.3 Objective and scope of the dissertation

The objective of this dissertation is to evaluate the
performance of different conventional and intelligent controllers.
Figure 1.1 shows the performance evaluation scheme implemented in
this dissertation. To evaluate the performance of the controller,
time response and frequency response analysis is carried out. The
time response analysis consists of two type of analysis. One is
unit step response analysis and other is performance indices
analysis. The frequency response
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analysis also consists of two kind of analysis. One is
robustness analysis and other one is sensitivity analysis.

Figure 1.1: Performance evaluation scheme implemented for
controller The other objective of the dissertation is to find out
the key design challenges in design of

intelligent controllers. This dissertation implements a fuzzy
logic based hybrid controller and faces two design challenges. The
challenges are optimization of existing fuzzy rule base with N
rules and identification and estimation of the optimal number of
membership functions and optimization of existing membership
function. This dissertation addresses this design issues. 1.4
Organization of the dissertation

The dissertation is organized as follows.

Chapter 2 is takes a case study of shell and tube heat exchanger
and performs the mathematical modeling of the heat exchanger system
with the help of available experimental data. The control objective
is to control the outlet temperature of the shell and tube heat
exchanger system to a desired temperature. In chapter 2 different
conventional control strategies like feedback control, feedback
plus feed forward control, internal model based control is used to
control the outlet temperature of the shell and tube heat exchanger
system. But the conventional controllers dont provide satisfactory
performance.

Chapter 3 introduces fuzzy based controller and designs and
implements a fuzzy based hybrid controller to control the outlet
temperature of the shell and tube heat exchange system. The

Performance Evaluation of

Controller

Time Response Analysis

Frequency Response Analysis

Robustness Analysis

Step response analysis

Calculation of Performance

Indices

Sensitivity Analysis
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hybrid fuzzy based controller gives an intelligent touch to the
controller and gives satisfactory control results. But while
designing the fuzzy based controller, there are some key
challenges. The key challenges are optimization of existing rule
base and identification, estimation and optimization of new and
existing membership functions of fuzzy logic.

Chapter 4 discusses a GA based optimization technique to
optimize the existing fuzzy rule base, so that the fuzzy rule base
can be efficiently used.

Chapter 5 discusses the identification and estimation of fuzzy
membership functions and fuzzy membership values using Kalman
filtering and optimization of existing membership functions.

Chapter 6 gives the detailed performance analysis of
conventional controller and fuzzy based controller. Time response
analysis and frequency response analysis is carried out to evaluate
the performance of the controllers.

Chapter 7 gives the concluding remarks and addresses the issues
which can be taken up for further work.
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Chapter

2 Conventional Controllers A typical chemical process for
heating consists of a chemical reactor and a shell and tube heat
exchanger system. The process fluid which is the salt solution of
sodium sulphate and aluminum sulphate is stored in the storage tank
at a temperature of 32C. The storage tank pumps the salt solution
to the shell and tube heat exchanger system. The heat exchanger
heats up the salt solution to a temperature of 52C using super
heated steam at 180C to get a concentrated salt solution. The super
heated steam comes from the boiler and flows through the shell
side, whereas, the salt solution flows through the tube side of the
shell and tube heat exchanger system. After the steam heats up the
salt solution, the condensed steam at 93C goes out of the steam
trap. The steam trap removes the condensate and non condensing
gases. The control objective is to control the temperature of the
concentrated salt solution. Different control architectures and
different conventional controllers like PID, feed forward
controller and internal model based controller can be implemented
to achieve the control objective. 2.1 Heat Exchanger

In practice, all chemical processes involve the production or
absorption of energy in the form of heat. Heat exchanger is
commonly used in industrial chemical processes to transfer heat
from a hot liquid through a solid wall to a cooler fluid [2.1]. A
heat exchanger is a device that is used to transfer thermal energy
(enthalpy) between two or more fluids, between a solid surface and
a fluid, or between solid particulates and a fluid, at different
temperatures and in thermal contact [2.17].

There are different types of heat exchanger used in the industry
but most of the industry use shell and tube type heat exchanger
system. It consists of parallel tubes enclosed in a shell. One of
the fluid flows in the tubes and the other flows inside the shell
around the tube. These heat exchangers are very flexible and
adaptable, can operate over full range of pressures and
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temperatures encountered in chemical plants. They have larger
ratios of heat transfer surface to volume than double-pipe heat
exchangers, and they are easy to manufacture in a large variety of
sizes and configurations. They can operate at high pressures, and
their construction facilitates disassembly for periodic maintenance
and cleaning. A shell-and-tube heat exchanger is an extension of
the double-pipe configuration. Instead of a single pipe within a
larger pipe, a shell-and-tube heat exchanger consists of a bundle
of pipes or tubes enclosed within a cylindrical shell.

In shell and tube heat exchanger one fluid flows through the
tubes, and a second fluid flows within the space between the tubes
and the shell [2.33].

1: Shell 2: Tube Bundle 3: Gasket 4: Head 5: Tube

Figure 2.1: Schematic diagram of shell and tube heat exchanger
system
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Figure 2.2: Mechanical diagram of shell and tube heat exchanger
system Figure 2.1 shows the parts of shell and tube heat exchanger
system and figure 2.2 shows the detail mechanical diagram of shell
and tube heat exchanger system.

2.2 Construction of Shell and Tube Heat Exchanger This section
describes the different materials and dimensions of shell and tube
heat exchanger system [2.26].

Sl. No Parts Dimensions 1 Shell material PVC

2 Outer dimension of shell 0.166m 3 Inner dimension of shell
0.16m 4 Tube bundle 0.12 m 5 Number of tubes 18 net 6 Tube material
Aluminum 7 Inner dimension of tubes 10mm 8 Outer dimension of tubes
12 mm 9 Flange material Acrylate
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10 Flange thickness 20mm 11 Gasket width 0.3 cm 12 Pitch
Triangular

2.3 Application of Heat Exchanger Shell-and-tube heat exchangers
find widespread use in refrigeration, power generation, heating

and air conditioning, chemical processes, manufacturing, and
medical applications.

2.4 Literature Review Y. S. N. Malleswararao et.al, developed a
model reference non linear controller with PID

control action for heat exchanger system. The proposed
controller is efficient from other controllers and is robust to
modelling errors and disturbances [2.2].

Rajiv Mukherjee in his research paper gave a basic overview of
shell and tube heat exchanger system: components, classifications
in details [2.6].

G P Liu et.al, presented three kind of optimal tuning of PID
controller design. These types are time domain optimal tuning PID
control, frequency domain optimal tuning PID control and multi
objective optimal tuning PID control. These are applied to three
industrial systems, a hydraulic position control system, a rotary
hydraulic speed control system and a gasifier, respectively
[2.10].

K J Astrom et.al, in his paper presented the state of the art of
PID control and reflects on its future. Particular issues discussed
include specifications, stability, design, applications, and
performance of PID control. The paper ends with a discussion of
alternatives to PID and its future [2.12].

G K I Mann et.al, analyzed different time domain based design
and analysis of PID tuning for FOPTD process. The proposed PID
tuning rule is capable of handling actuator saturation and can
handle process and controller non linearity in an effective manner
[2.13].

Clark K Colton et.al, developed a remote controlled heat
exchanger system for laboratory application. All other inlet and
outlet temperatures are monitored. Monitoring and control is
carried out with a web server using LabVIEW. Data is published to
web-accessible LabVIEW graphical user interfaces or via a Data
Socket Server to a Java2 GUI. A Microsoft SQL database is used for
registering, authentication, and scheduling (ASP.NET) and for
collaboration management software, which provides for chat
capabilities and ability to pass local control between team members
who
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are collaborating on carrying out the experiment from their own
computers in different locations [2.18].

Kiam heong Ang et.al, has given a complete overview of modern
tuning methods of PID controller, different patents in PID
controllers, commercial hardware modules and software packages of
PID controller available in market. This paper also reviews the
contemporary intelligent PID controllers and reviews the future PID
controller like plug and play PID controller [2.20]. Fernando G
Martins has proposed a PID controller tuning method based on ITAE
criteria. ITAE is a performance criteria which should be minimized
for a better control action but the computation of ITAE is a
difficult task [2.21]. Wen Tan et.al has compared the performance
of some well known PID controllers. He has taken two criteria for
the comparison and those are disturbance rejection and system
robustness [2.22].

S A Mandavgane et.al, applied ANN architecture to model the
shell and tube heat exchanger system. In this research paper ANN is
used for estimation of exit temperature of both fluids as a
function of inlet temperature condition and flow rates [2.26].

S Haugwitz et.al, in his research paper developed a non linear
model of open plate reactor developed by Alfa Laval AB. In his
research paper he developed the control strategies for the heat
exchanger system and experimentally verified the control strategy.
He used a model predictive controller with extended Kalman filter
[2.30].

Orlando Duran et.al, in his research paper proposed a test model
of cost estimating of shell and tube heat exchanger system using
ANN. The proposed ANN test model reduces the uncertainties related
to cost estimation of shell and tube heat exchanger system
[2.33].

M. Thirumarimurugan et.al, experimentally investigated heat
transfer study on a solvent and solution with a 1-1 shell and tube
heat exchanger. The experimental findings were compared with the
mathematical model of the system [2.34]. S Dudzik in his research
paper proposed a new method for calculation of heat power
consumption in a heat exchanger. The method is based on the
analysis of phenomena occurring between the heat exchanger and the
ambient. An artificial neural network, trained with data obtained
from infrared thermography measurements is used to calculate the
heat power consumption in steady state [2.37].
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Vikas Gupta et.al, in there paper explain a method for the
design and implementation of multiplier-less digital PID controller
based on FPGA device. It is more compact, power efficient and
provides high speed capabilities as compared to software based PID
controllers. The proposed method is based on Distributed Arithmetic
(DA) architecture [2.39]. M. Thirumarimurugan studied the
performance of plate type heat exchanger with miscible and
immiscible systems. The experimental studies involved in the
determination of outlet temperature of both cold and hot fluid for
various flow rates. The experimental data were used to develop
neural networks using general regression neural network (GRNN)
model. These networks were tested with a set of testing data and
then the simulated results were compared with the actual results of
the testing data and found that the experimental data are very
close to the simulated data. [2.40]. 2.5 Mathematical Modelling

Many of the engineering devices like turbines, compressors,
pumps, nozzles and heat exchangers operate at steady state
condition. It is assumed that the mass flows into the control
volume at a constant rate and leaves the control volume at the same
rate. Therefore, there is no

accumulation of mass inside the control volume. Thus, i em m m=
=& & &

So, 0v

d dmdVdt dt

= = (1)

The state of the matter at the inlet, exit and at any given
point inside the control volume does not

change with respect to time. Therefore 0v

d dEedV

dt dt = = (2)

The rate of energy transfer as heat Q& and work across the
control surface sW& is constant.
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2 2e em h&

1 1i im h&

2 2i im h&

1 1e em h&

Hot Fluid Inflow

Hot Fluid Out flow

Cold Fluid OutflowCold Fluid inflow

Figure 2.3: Inputs and outputs of heat exchanger system

Figure 2.3 shows the working of a simple heat exchanger system.
The governing equation can be modified for multiple inputs and
multiple outputs as

2 2

2 2e i

e e e i i i sv v

m h gz m h gz Q W + + + + =

& && & (3)

No shaft work is done and energy losses are negligible. Change
in potential energy and kinetic energy is also neglected.

e e i im h m h= & & (4)

1 1 2 2 1 1 2 2e e e e i i i im h m h m h m h + = +& &
& & (5)

1 1 1e im m m= =& & & (6)

2 2 2e im m m= =& & & (7)

1m& and 2m& are the mass flow rates of cold fluid and
hot fluid, respectively.

Here, the heat exchanger system, actuator, valve, sensor are
mathematically modelled using the available experimental data. The
experimental process data is summarized below [2.31].

Exchanger response to the steam flow gain 50C/(kg/sec) Time
constants 30 sec

Exchanger response to variation of process fluid flow gain
1C/(kg/sec) Exchanger response to variation of process temperature
gain 3C/C

Control valve capacity 1.6 kg/sec of steam
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Time constant of control valve 3 sec The range of temperature
sensor 50C to150C Time constant of temperature sensor 10 sec

From the above experimental data the transfer function model of
the system is derived. The transfer functions of different
component of the transfer function model are summarized below.

Transfer function of process 5030 1

se

s

+

Gain of valve 0.13

Transfer function of valve 0.133 1s +

Gain of current to pressure converter 0.75 Transfer function of
disturbance variables (flow and temperature disturbances
respectively)

130 1s +

,

330 1s +

Transfer function of temperature sensor 0.16

10 1s +

Figure 2.4 shows the block diagram of feedback control
architecture of a general system. The controller gives the
controlling action to the final control element via the actuator.
The sensor

senses the output and gives feedback to the controller.
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Set point

Sensor

ProcessValveActuatorController

mA psig kg/minmA

mA

Input flowdisturbance

Input temperaturedisturbance

+ +

-

Input Temp.

Input Flow

(Ti)

(Qm)

N1(s)

N2(s)

+

+R(s) Y(s)

Figure 2.4: Block diagram for feedback control of heat exchanger
system Figure 2.5 shows the transfer function model of the feedback
control of shell and tube heat exchanger system. The transfer
functions are derived from the experimental data. In this transfer
function model Kcu is the critical gain implemented in the forward
path of the system.

Kcu0.16 0.750.133 1s +

5030 1

se

s

+

11016.0+s

1301+s

1303+s

Ti

Qm

+

+

++

Y(s)R(s)

Figure 2.5: Transfer function model of heat exchanger system
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Figure 2.6: Unit step response of the process at different
values of gain Figure 2.6 shows the unit step response of the
system at the values of K equal to 5, 6 and 7. 2.6 Control of Shell
and Tube Heat Exchanger System

Different assumptions have been considered to develop the
control architecture of the shell and tube heat exchanger system.
The first assumption is that the inflow and the outflow rate of
fluid are same, so that the fluid level is maintained constant in
the heat exchanger. The second assumption is the heat storage
capacity of the insulating wall is negligible. In this feedback
process control loop, the controller is reverse acting, the valve
used is of air to open (fail-close) type. A thermocouple is used as
the sensing element, which is implemented in the feedback path of
the control architecture. The temperature of the outgoing fluid is
measured by the thermocouple and the output of the thermocouple
(voltage) is sent to the transmitter unit, which eventually
converts the temperature output to a standardized signal in the
range of 4-20 mA. This output of the transmitter unit is given to
the controller unit. In this heat exchanger system a PID controller
has

been taken as the controlling unit. The PID controller
implements the control algorithm, compares the output with the set
point and then gives necessary command to the final control element
via the actuator unit. The actuator unit is a current to pressure
converter and the final control unit is an air
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to open (fail-close) valve. The actuator unit takes the
controller output in the range of 4-20 mA and converts it into a
standardized pressure unit, i.e in the range of 3-15 psig. The
valve actuates according to the controller decisions.

2.7 Feedback Control

Feedback control is a control mechanism which regulates the
controlled variable by taking negative feedback from the output and
taking regulatory action through the controller and changing the
manipulating variable accordingly.

Figure 2.7: Feedback control scheme for shell and tube heat
exchanger system

Figure 2.7 shows the feedback control scheme for shell and tube
heat exchanger system. PID controller is used as the controlling
element to control the outlet temperature of shell and tube heat
exchanger.

2.7.1 PID Controller The mnemonic PID refers to the first
letters of the names of the individual terms that make

up the standard three-term controller. These are P for the
proportional term, I for the integral term and D for the derivative
term in the controller. Three-term or PID controllers are probably
the most widely used industrial controller. Even complex industrial
control systems may comprise a control network whose main control
building block is a PID control module. The three-term PID
controller
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has had a long history of use and has survived the changes of
technology from the analog era into the digital computer control
system age quite satisfactorily. It was the first (only) controller
to be mass produced for the high-volume market that existed in the
process industries.

Ideal PID controller in continuous time is given as 0

1 ( )( ) ( ) ( )t

c di

de tu t K e t e t dt

dt

= + +

(8)

In eq(8), e(t) is the error signal, u(t) is the controller
output, Kc is the controller gain, i and d are integral gain and
derivative gain respectively. Eq(9) represents the Laplace domain
representation of ideal PID controller.

2 1( )( ) ( )i d i

PID ci

s su sG s Ke s s

+ += =

(9)

The equation for real PID controller is represented as 1 1( )( )
( ) 1i d

PID ci f

s su sG s Ke s s s

+ += = +

(10)

Here f represents the filter parameter. Eq(10) can be rewritten
as 1 1( )( ) ( ) 1

i dPID c

i d

s su sG s Ke s s s

+ += =

+ (11)

By substituting f d = . Here is the filter coefficient

2.7.1.1 Anti Reset Windup Protection Figure 2.8 shows the
parallel form of PID controller. In this parallel form three terms
like

proportional, integral and derivative are added to generate the
PID action.

Kp

Kds

Ki

error

1s

+

u

Figure 2.8: Parallel form of PID controller

But the ideal form of PID controller lacks the solution to some
practical problems encountered in industrial process. So different
modifications of this parallel form are suggested and
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employed. Two of the major modifications are anti reset windup
and derivative kick. Figure 2.9 shows the block diagram of anti
reset windup of PID controller.

Kp

Kds

Ki

asw aaw

saturate

error

1s

+-+

+++

+

u

Sat(Umax,Umin)v

Figure 2.9: Anti reset windup scheme of parallel form of PID
controller In many real life applications output of the actuator
can saturate because the dynamic range

of the real actuator is limited. The final control element
saturates when it is open or closed to the maximum limit. When the
actuator saturates the control action stops. At this moment if the
error

signal is applied, then it results in very high overshoot and
poor transient response. So anti reset windup structure is
implemented in PID controller.
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Figure 2.10: Anti reset windup scheme in Simulink Figure 2.10
shows the Simulink representation of anti reset windup scheme in
PID

controller. For v in saturation zone the controller output is
limited at umax or umin. The corresponding plant error will also be
fixed if the plant is open loop stable. Also, the anti windup
feedback loop is now switched on (asw =1). Its effect is to replace
the integrator component with one with a stable first order
transfer function. Windup action is therefore halted so that the
controller output remains at or near either saturation limit. The
loop is deactivated when the system exits saturation; then asw =0
so that integrator action will resume using the last integrator
output

(under saturation) as the initial condition.

( )max min

max min max max

min min

, ,

v u v u

sat v u u u v u

u v u

= > 0 (14)

2.7.1.2 Derivative Kick In real life control applications, when
there is a step change in set point, then the derivative action
increases many fold.

0

1 ( )( ) ( ) ( )t

c di

de tu t K e t e t dt

dt

= + +

(15)
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Eq (15) shows the ideal PID controller. Where error is
represented by eq(16). ( ) ( ) ( )spe t y t y t= (16)

When the derivative action is implemented in error signal,
following equation is obtained.

( ) ( ) ( )( ) ( ) ( )spd d de t y t y tdt dt dt= (17) Under
normal conditions when there is no step change in set point, we can
write eq(18) as

( ) ( )( ) ( )d de t y tdt dt

= (18)

So eq(15) can be rewritten as

0

1 ( )( ) ( ) ( )t

c di

dy tu t K e t e t dt

dt

= +

(19)

Eq(19) can be used to eliminate derivative kick from PID
controller. 2.7.2 Discrete PID Controller

This section describes the discrete PID controller. A sample
time t and index k is used to represent the continuous time signal
at discrete step k.

( )00

( ) ( ) ( ) ( ) ( 1)k

dc

ii

tu k u K e k e i e k e k

t

=

= + + +

(20)

Eq (12) is the position form of discrete PID controller. The
velocity form of discrete PID controller can be found out by
subtracting position form at step k-1 from that at step k.

( ) ( )0( ) ( ) (0) (1) ( 1) ( ) ( ) ( 1)dci

tu k u K e k e e e k e k e k e k

t

= + + + + + + +

(21)

Eq (21) is the extended form of eq (20)

0( ) 1 ( ) ( 1) ( 1)d dci i

t tu k u K e k e k e k

t t

= + + + +

(22)

Substituting k as k-1 in the position form we get eq (20)

( )100

( 1) ( 1) ( ) ( 1) ( 2)k

dc

ii

tu k u K e k e i e k e k

t

=

= + + +

(23)

Eq (23) can be extended and written as follows
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( ) ( )0( 1) ( 1) (0) (1) ( 2) ( 1) ( 1) ( 2)dci

tu k u K e k e e e k e k e k e k

t

= + + + + + + +

(24)

0( 1) 1 ( 1) ( 2)d dci

tu k u K e k e k

t t

= + + +

(25)

0 0( ) ( 1) 1 ( ) ( 1) ( 1) 1 ( 1) ( 2)d d d dc ci i i

t t tu k u k u K e k e k e k u K e k e k

t t t t

= + + + + + +

(26)

( ) ( 1) 1 ( ) 1 ( 1) ( 2)d d d dci i i

t t tu k u k K e k e k e k

t t t t

= + + + + +

(27)

2( ) ( 1) 1 ( ) 1 ( 1) ( 2)d d dci

tu k u k K e k e k e k

t t t

= + + + +

(28)

Eq (28) is known as velocity form of discrete PID controller.
The major advantage of velocity form of PID controller is that it
is naturally anti reset windup.

2.7.2.1 Digital PID Controller The velocity form of PID
controller can be re written as follows

0 1 2( ) ( 1) ( ) ( 1) ( 2)u k u k b e k b e k b e k = + + (29)
Here

0 1 dci

tb Kt

= + +

(30)

121 dcb K t

= + (31)

2c dKbt

=

(32)

Representing eq(29) in z domain, we get ( ) ( )1 1 20 1 21 ( ) (
)z u z b b z b z e z = + + (33)

1 20 1 2

1( ) ( )1b b z b z

u z e zz

+ + =

(34)

1 20 1 2

1( )( ) 1

b b z b zu ze z z

+ +=

(35)
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20 1 2

2( )( )

b z b z b zu ze z z z

+ +=

(36)

Eq (36) is the digital representation of PID controller. The
values of coefficient are shown in eq (30), (31) and (32)
respectively. 2.7.3 Tuning of PID Controller

Closed loop oscillation based PID tuning method is a popular
method of tuning PID controller. In this kind of tuning method, a
critical gain Kcu is induced in the forward path of the control
system. The high value of the gain takes the system to the verge of
instability. It creates oscillation and from the oscillations, the
value of frequency and time are calculated. Table 2.1 gives
different experimental tuning rules based on closed loop
oscillation method.

Table 2.1: Different closed loop oscillation based tuning
methods

Type of tuning methods Kc i d

Zeigler-Nichols 0.6Kcu 0.5T 0.125T

Tyreus-Luyben 0.45Kcu 2.2T 0.15T

2.7.4 Analog PID Controller Using Operational Amplifier Simple
operational amplifiers can be used to implement different
controlling action of a PID controller. This section gives a detail
overview of analog PID controller using op-amp. The values of PID
controller gains can be found out by following equation (37), (38)
and (39).

2

1p

RKR

= (37)

1i

i i

KR C

= (38)

d d dK R C= (39)

Kp, Ki and Kd denotes the proportional gain, integral gain and
derivative gain respectively.
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Figure 2.11: Op-amp. based realization of parallel form of PID
controller Figure 2.11 shows the analog form of PID controller
designed using IC-741 op-amp.

Proportional action, integral action, derivative action can be
implemented using op-amp.

Time

0s 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0msV(R2:1)

0V

2.0V

4.0V

6.0V

Figure 2.12: Input error signal

Figure 2.12 shows the error waveform taken for the evaluation of
PID controller. A pulse wave

with 50% duty cycle is considered as the error signal.
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Time

0s 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0msV(R2:1) V(U1:OUT)

-15V

-10V

-5V

0V

5V

Figure 2.13: Output of proportional term

Figure 2.13 shows the error curve and output of proportional
term of the PID controller. The green curve is the error curve
while the red curve is the graph for proportional term. Because of
the inverting nature of the operational amplifier, the output of
proportional controller is inverted from the error signal.

Time

0s 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0msV(R2:1) V(U3:OUT)

0V

4V

8V

12V

Figure 2.14: Output of derivative term Figure 2.14 shows the
error curve and the derivative curve. The green pulse signal is the
error signal and the red curve shows the derivative term.
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Time

0s 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0msV(R2:1) V(U4:OUT)

-4V

0V

4V

8V

12V

Figure 2.15: Output of PID controller Figure 2.15 shows the
output of the summer circuit and figure 2.16 shows graph for error
signal, proportional term, integral term, derivative term and graph
of the summer circuit.

Time

0s 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0msV(R2:1) V(U4:OUT)
V(U1:OUT) V(U2:OUT) V(R5:2)

-20V

-10V

0V

10V

20V

Figure 2.16: Output of all the inputs and output terms of PID
controller This figure shows all the signals, like error signal,
proportional output signal, derivative output signal and summer
output signals.

2.7.5 PID Controller in Shell and Tube Heat Exchanger System The
characteristic equation (1+G(s)H(s) =0) in this case is obtained as
below. 900s3+420s2+43s+0.798Kcu+1=0 (40) Applying Routh stability
criterion in eq. (40) gives Kcu as 23.8. Auxiliary equation
420s2+0.798Kcu+1=0 (41) Substituting s=j in eq. (41), =0.218 and
T=28.79
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For the PID controller the values of parameters (Kc, i, d)
obtained using closed loop oscillation based tuning methods like
Zeigler-Nichols method and Tyreus- Luyben methods are summarized in
table 2.2.

Table 2.2: PID parameters using different tuning methods

Tuning Methods Kc i d

Zeigler-Nichols 14.28 14.395 3.59

Tyreus Luyben 10.71 63.33 4.31

In this case study we have taken the parameters tuned using
Zeigler-Nichols method. Usually, initial design values of PID
controller obtained by all means needs to be adjusted repeatedly
through computer simulations until the closed loop system performs
or compromises as desired. This stimulates the development of
intelligent tools that can assist the engineers to achieve the best
overall PID control for entire operating envelops. Figure 2.17
shows the Simulink model of feedback control of shell and tube heat
exchanger system. The feedback control is achieved using PID
controller. A relay block is also attached in parallel to the PID
controller, which acts like an auto tuner. The PID controller and
the relay blocks are connected using a manual switch. The operator
can manually change the switch to either PID controller or the auto
tuner.

Figure 2.17: Simulink representation of feedback controller of
shell and tube heat exchanger system
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Figure 2.18 shows the unit step response of feedback control of
shell and tube heat exchanger system. Figure 2.19 shows the
controller output and process output when the relay block is
activated using the manual switch.

Figure 2.18: Unit step response of shell and tube heat exchanger
system with PID controller The step response analysis shows a very
high overshoot on the range of 38% which is completely

unacceptable in a process plant. To further reduce the overshoot
and settling time a feed forward plus feedback controller is
designed in section 2.8.

2.7.6 Relay Based Auto Tuning of PID Controller Most of the
process control systems have an auto tune option. The operator can
simply push

the auto tune button and have the controller tune for itself.
Auto tuning means determining the values of tuning parameters of
the controller automatically. There are many methods of auto
tuning. Some methods employ simple relay blocks where as other
methods employ sophisticated soft computing techniques or hybrid
soft computing techniques.

The most common method of auto tune method is to place a relay
block in parallel to the controller block. The relay block acts as
an ON-OFF controller. The resulting oscillatory behaviour of the
controller and process is further analysed to determine the proper
controller setting. Figure
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2.19 shows the oscillatory behaviour of controller and process
when the operator manually switches the relay block.

Figure 2.19: Unit step response of process and controller when
PID controller in auto tune mode When the auto-tune function is
required, then the manual switch is set to the relay block.

The relay block represents a nonlinear behaviour. In auto-tune
mode, the closed loop system oscillates and the manipulated
variable action is ON-OFF. From the auto-tune mode, two parameters
are obtained. These parameters are ultimate gain and ultimate
frequency.

Ultimate gain 4cuhKapi

= (42)

Ultimate frequency 2u Ppi

= (43)

Here, P is the period between the successive peaks, a is the
amplitude of process output and h is the height of controller
output

The behavior obtained from auto tuning mode is very similar to
the behavior obtained from Zeigler- Nichols closed loop cycling
method.

If an ideal relay is implemented there can be problems if there
is process noise. To handle the process noise in relay based auto
tuning of controller a dead band with a magnitude is added
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to the relay switch. The magnitude of the dead band is selected
to be at least twice or thrice the standard deviation of the
process noise.

2.7.7 Root Locus Technique Root locus technique is used to
locate the roots of characteristic equation in a graphical

manner in s-plane. This method indicates the manner in which the
open loop poles and zeros should be modified such that the response
meets the system performance specifications.

Figure 2.20: Root locus of the shell and tube heat exchanger
system with and without controller

Figure 2.20 shows the root locus of the shell and tube heat
exchanger system with and without controller. It investigates the
effects of variation of system parameters on location of closed
loop poles.

2.8 Feedback plus Feed Forward Controller

There can be two types of disturbances in this process, one is
the flow variation of input fluid and the second is the temperature
variation of input fluid. But in practice the flow variation of
input fluid is a more prominent disturbance than the temperature
variation in input fluid.

The input fluid flow disturbance introduces error in the system
performance. In several systems the disturbance can be predicted
and its effect can be eliminated with the help of feed forward
controller before it can change the output of the system. In the
previous section a feedback
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controller was designed to control the outlet temperature. But
due to high overshoot and high settling time the controllers
performance is poor. To improve the control a feed forward
controller is designed in this section. The control action of
feedback and feed forward controller is summed up to give a
combined control signal. The combined control signal improves the
controller performance. Figure 2.21 shows the control scheme for
the combined controller. In this control scheme the main
disturbance (volume change in input fluid flow) is measured and
controlled using a feed forward controller. For this reason an
orifice plate along with a differential pressure transmitter is
used to measure the input fluid flow. The output of the DPT is
given to the feed-forward controller. The control action of
feedback and feed forward controller is summed up and provided to
the valve via the actuator.

Feedback PIDController

Current to Pr.Converter

Kr

TemperatureSensor

Outlet FluidTo DegC

3-15 psig

Tr DegCFeed-forwardController

DPT

Steam Input Kg/Sec Steam

Pump NRVProcess fluid Ti DegC

+

+ +

Shell and tube heat exchanger

Orifice Plate

Figure 2.21: Feed-forward plus feedback control scheme of shell
and tube heat exchanger system The flow through the orifice is
represented by eq(44)

( )1 200 4

2

1cg P PC

v

=

(44)

Here, v0 is average velocity through the orifice, is the ratio
of orifice to pipe diameter, C0 is orifice coefficient. The value
of orifice coefficient is 0.61, P1 and P2 are upstream and down
stream pressure, gc is Newtons law of gravitational constant and is
the fluid density
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The volumetric flow is represented by 20

0 4DF v = (45)

Substituting the value of v0 in eq (45)

( )2 1 20 04

24 1

cg P PD CF

=

(46)

1 1 2F C P P= (47) 40 0

1 4

24 1

cD C gC = (48)

In feedback control scheme the sensor is used to detect the
process output and gives the error to the controller which in turn
takes appropriate controlling action. But till the controlling
action

reaches the process, the output has been changed. A feed forward
control estimates the error and changes the manipulating variable
before the disturbance can affect the output. Figure 2.22 shows the
control scheme of feedback and feed forward controller.

PID0.16 0.750.133 1s +

5030 1

se

s

+

11016.0+s

1301

+s

2

218 6.6 0.227 30.9 1

s s

s s

+ +

Qm

Sensor

Set Point I-P Converter Valve Process

+

Feed Forward Controller

++ +

R(s) Y(s)

Figure 2.22: Feed-forward plus feedback control block diagram of
shell and tube heat exchanger system

Gp(s) shows the transfer function of the process and Gd(s) shows
the transfer function of the flow disturbances.

25( )

90 33 1

s

peG s

s s

=

+ + and 1( )

30 1dG s

s=

+

The transfer function of the feed-forward controller is ( )( ) (
)d

cfp

G sG sG s

= (49)
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2

218 6.6 0.2( )27 30.9 1cf

s sG ss s

=

+ + (50)

Here, is the filter parameter, whose range is from 0 to 1. It
has been used to make the transfer function semi proper. The
controller transfer function neglects the effects of process delay.
Here the value of = 0.9. In this case, there is no time delay
between the unit step input and unit step disturbance.

Figure 2.23: Simulink representation of feedback plus
feedforward controller of shell and tube heat exchanger system (No
time delay between step input and step disturbance)

Figure 2.23 shows the Simulink representation of feedback and
feedforward control of shell and tube heat exchanger system. Figure
2.24 shows the unit step response of feedback plus feed forward
controller. In this case there is no time delay between unit step
input and unit step disturbance. The designed feedback plus feed
forward controller shows 30% overshoot which is an improvement from
the feedback controller. The feedback controller showed 38%
overshoot and the feedback plus feed forward controller reduced the
overshoot to 30%.
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Figure 2.24: Unit step response of shell and tube heat exchanger
system with feed forward controller, (No delay between step input
and step change in disturbance)

25( )

90 33 1

s

peG s

s s

=

+ + and 1( )

30 1

s

deG ss

=

+

The transfer function of the feed-forward controller is ( )( ) (
)d

cfp

G sG sG s

= (51)

2

218 6.6 0.2( )

135 150.9 1cfs sG ss s

=

+ + (52)

Here, is the filter parameter, whose range is from 0 to 1. It
has been used to make the transfer function semi proper. The
controller transfer function neglects the effects of process delay.
Here the value of = 0.9. In this case there is a unit time delay
between the unit step input and unit step disturbance.
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PID0.16 0.750.133 1s +
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+
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Feed Forward Controller
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Figure 2.25: Feedback plus feed forward control of shell and
tube heat exchanger (With unit time delay between unit step input
and unit step disturbance)

Figure 2.25 shows the control scheme of feedback plus feed
forward control of shell and tube heat exchanger system. In this
case we have considered a unit delay between unit step input and
unit step change in disturbance.

Figure 2.26: Simulink representation of feedback plus feed
forward control of shell and tube heat exchanger system
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Figure 2.27: Unit step response of feedback plus feed forward
controller of shell and tube heat exchanger system (With unit time
delay between unit step input and unit step disturbance)

Figure 2.26 shows the Simulink representation of feedback plus
feed forward controller of shell and tube heat exchanger system.
Figure 2.27 shows the step response of feedback plus feed forward
controller with a unit time delay between unit step input and unit
step change in disturbance.

2.9 Internal Model Controller Internal model controller is that
it provides a transparent framework for control system

design and tuning. The structure of internal model controller is
shown in figure 2.28. The main feature of internal model controller
is that the process model is in parallel with the actual process.
The transfer function of the process is shown in eq (53).

25( )

90 33 1dsT

peG s

s s

=

+ + (53)


	
Conventional Controllers

Performance Evaluation of Different Conventional and Intelligent
Controllers for Temperature Control of Shell and Tube Heat
Exchanger System

34

Q(s)

H(s)

R(s)

+

-

+

+

+-

SetPoint

Process

Process Model

Y(s)

U(s)

( )Y s%

( ) ( )Y s Y s %

IMC

( )pG s

( )pG s%

( )dG s

Figure 2.28: Control scheme of internal model control

The process consists of a time delay in the form of dT se .
Pades approximation for time delay can be used for process with
time delays. The first order Pades approximation is described
as

12

12

d

d

T s

d

Ts

e Ts

+=

+ (54)

A second order Pades approximation is described as

2

2

112 2

112 2

d

d d

T s

d d

T Ts s

e T Ts s

+=

+ + (55)

Implementing first order Pades approximation in process the
process transfer function can be re written as

5 0.5 1( ) (30 1)(3 1) 0.5 1psG s

s s s

+ = + + +

(56)

The step response for Pades first order approximation is shown
in figure 2.28. Implementing second order Pades approximation in
process the process transfer function can be re written as

2

25 0.083 0.5 1( ) (30 1)(3 1) 0.083 0.5 1p

s sG ss s s s

+=

+ + + + (57)

The step response for Pades second order approximation is shown
in figure 2.29.
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Figure 2.29: Pades 1st order and 2nd order response

The process model ( )pG s% is factored in to two parts. That is
invertible part ( )pG s+% and non

invertible part ( )pG s% elements. The non invertible part
consists of RHP zeros and time delays. This factorization is
performed so as to make the resulting internal model controller
stable.

( ) ( ) ( )p p pG s G s G s +=% % % (58) 2

25( 0.083 0.5 1)( ) (30 1)(3 1)(0.083 0.5 1)p

s sG ss s s s

+=

+ + + +%

(59)

The internal model controller can be designed by taking the
inverse of process model along with the filter transfer function.
The transfer function representation of internal model controller
is

1( ) ( ) ( )pQ s G s f s = % (60)

( )24

(30 1)(3 1) 0.083 0.5 1( )5( 1)

s s s sQ ss

+ + + +=

+ (61)

The process shows an over damped response, so damping
coefficient > 1. The process transfer function can be factored
as


	
Conventional Controllers

Performance Evaluation of Different Conventional and Intelligent
Controllers for Temperature Control of Shell and Tube Heat
Exchanger System

36

( ) ( )2 1 290 33 1 1 1s s s s + + = + + (62) Time constant
expressions are obtained as

1 2 1

= and 2 2 1

= + (63)

In practice is taken as one third of one fifth of the time
constant. So, the values of are obtained as 11.4 and 17.
Substituting the values of as 11.4 in eq(61) we get

4 3 2

4 3 21.494 603 235.966 6.7 0.2( )

16889.6 5926.17 779.76 45.6 1s s s sQ ss s s s

+ + + +=

+ + + + (64)

Substituting the values of as 17 in eq(61) we get 4 3 2

4 3 21.494 603 235.966 6.7 0.2( )

83521 19652 1734 68 1s s s sQ s

s s s s

+ + + +=

+ + + + (65)

The transfer function of internal model controller denoted by
Q(s) for different values of the filter parameter is shown in eq
(64) and eq (65).

Figure 2.30: Simulink representation of IMC in shell and tube
heat exchanger system Figure 2.30 shows the Simulink representation
of internal model based controller for shell and tube heat
exchanger system.
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Figure 2.31: Unit step response of shell and tube heat exchanger
system with IMC with different filter parameters

Figure 2.31 shows the unit step response of internal model based
controller in shell and tube heat exchanger system with different
values of filter parameter. As the graph shows the maximum
overshoot is nearly 1%. In the previous sections we have designed
feedback and feedback plus feed forward controller for temperature
control of shell and tube heat exchanger system. The feedback
controller shows 38% overshoot while feedback plus feed forward
controller shows 30% overshoot. The designed internal model
controller is very much effective because it shows very low
overshoot and has only one tuning parameter which is the filter
parameter.
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Chapter

3 Fuzzy Based Feedback Controller

Fuzzy logic is a form of logic that is the extension of boolean
logic, which incorporates partial values of truth. Instead of
sentences being "completely true" or "completely false," they are
assigned a value that represents their degree of truth. In fuzzy
systems, values are indicated by a number (called a truth value) in
the range from 0 to 1, where 0.0 represents absolute false and 1.0
represents absolute truth. Fuzzification is the generalization of
any theory from discrete to continuous. Fuzzy logic is important to
artificial intelligence because they allow computers to answer to a
certain degree as opposed to in one extreme or the other. In this
sense, computers are allowed to think more 'human-like' since
almost nothing in our perception is extreme, but is true only to a
certain degree. Through fuzzy logic, machines can think in degrees,
solve problems when there is no simple mathematical model. It
solves problems for highly nonlinear processes and uses expert
knowledge to make decisions.

3.1 Fuzzy Logic Controller The fuzzy logic controller provides
an algorithm, which converts the expert knowledge into an

automatic control strategy. Fuzzy logic is capable of handling
approximate information in a systematic way and therefore it is
suited for controlling non linear systems and is used for modeling
complex systems, where an inexact model exists or systems where
ambiguity or vagueness is common. The fuzzy control systems are
rule-based systems in which a set of fuzzy rules represent a
control decision mechanism for adjusting the effects of certain
system stimuli. With an effective rule base, the fuzzy control
systems can replace a skilled human operator. The rule base
reflects the human expert knowledge, expressed as linguistic
variables, while the membership functions represent expert
interpretation of those variables.
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Figure 3.1: Block diagram of fuzzy control system

Figure 3.1 shows the block diagram of fuzzy control system. The
crisp inputs are supplied to the input side Fuzzification unit. The
Fuzzification unit converts the crisp input in to fuzzy variable.
The fuzzy variables are then passed through the fuzzy rule base.
The fuzzy rule base computes the input according to the rules and
gives the output. The output is then passed through
de-fuzzification unit where the fuzzy output is converted to crisp
output.

3.2 Hybrid Fuzzy-PID Controller

Although it is possible to design a fuzzy logic type of PID
controller by a simple modification of the conventional ones, via
inserting some meaningful fuzzy logic IF- THEN rules into the
control system, these approaches in general complicate the overall
design and do not come up with new fuzzy PID controllers that
capture the essential characteristics and nature of the
conventional PID controllers. Besides, they generally do not have
analytic formulas to use for control specification and stability
analysis. The fuzzy PD, PI, and PI+D controllers to be introduced
below are natural extensions of their conventional versions, which
preserve the linear structures of the PID controllers, with simple
and conventional analytical formulas as the final results of the
design. Thus, they can directly replace the conventional PID
controllers in any operating control systems (plants,
processes).

The main difference is that these fuzzy PID controllers are
designed by employing fuzzy logic control principles and
techniques, to obtain new controllers that possess analytical
formulas very similar to the conventional digital PID
controllers.
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3.3 Different Structures of Hybrid Fuzzy PID Controller Han
Xiong Li et.al, has proposed a two dimensional configuration for
PID type FLC. In this paper optimal fuzzy reasoning model for
control is proposed and is compared with conventional fuzzy control
[3.14].

Figure 3.2: Architecture of fuzzy PID controller [3.14] Y Zhang
et.al, implemented a fuzzy PID hybrid controller for temperature
control of melted aluminum in atomized furnace. In this
architecture the input of fuzzy controller is error and change in
error. is the weighing factor. The total controller output is the
summation of the output of fuzzy

controller and PID controller. The output of Fuzzy-PID hybrid
controller denoted by u is a combination of the output of fuzzy
controller and the output of PID controller, symbolized as u1 and
u2 respectively, involving a weighting calculation for bumpless
switch between the two controllers. The weighting coefficient as a
function of e can decide which controller operating mainly
according to e. The fuzzy controller works mostly if e is larger
than set point, or else the PID controller becomes the main
controller with a bumpless switch [3.17].

Figure 3.3: Architecture of fuzzy PID controller [3.17]

Seema Chopra et.al, has proposed an architecture for fuzzy PI
controller shown in figure [3.18,3.22].
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Figure 3.4: Architecture of fuzzy PID controller [3.18,3.22]

A M F Fileti et.al, has described another type of architecture
for hybrid fuzzy PID control architecture [3.19].

Figure 3.5: Architecture of hybrid fuzzy PID controller
[3.19]

In this architecture the controller output value has two
components, evaluated independently. One is the output of a
PI-fuzzy controller in a velocity form. The other represents a
PD-fuzzy controller in the position form. Besides the advantage of
using two-dimensional rule set, instead of three-dimensional, the
hybrid approach simplifies the control tuning.

Sufian Ashraf Mazhari et.al, has proposed a fuzzy PD+I
controller for PUMA 560 robot and used different swarm intelligence
and evolutionary techniques to tune the fuzzy PD+I controller. This
paper also gives a comparative study of different swarm
intelligence and evolutionary algorithm based tuning methods
[3.25].
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Figure 3.6: Architecture of fuzzy PID controller [3.25]

The scale factors are calculated as follows. The output equation
is given by ( )( ) ( ) ( )e ce ie outu s e k s e k s ie k s= +
+& (66)

( ) ( ) ( )ce iee oute e

s su s s e k e k ie k

s s

= + +

&

(67)

From the above two equations we get the values of the tuning
parameters

p e outk s s= (68)

ced

e

s

s = (69)

1 iei e

s

s= (70)

3.4 Tuning of Fuzzy PID Controller

Seema Chopra et.al, proposed a method for tuning of fuzzy PI
controller. The input scaling factors are tuned online by gain
updating factor who
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